The expression profile of acid-sensing ion channel (ASIC) subunits ASIC1a, ASIC1b, ASIC2a, ASIC2b, and ASIC3 in the esophageal vagal afferent nerve subtypes. Am J Physiol Gastrointest Liver Physiol 307: G922-G930, 2014. First published September 4, 2014; doi:10.1152/ajpgi.00129.2014.-Acid-sensing ion channels (ASICs) have been implicated in esophageal acid sensing and mechanotransduction. However, insufficient knowledge of ASIC subunit expression profile in esophageal afferent nerves hampers the understanding of their role. This knowledge is essential because ASIC subunits form heteromultimeric channels with distinct functional properties. We hypothesized that the esophageal putative nociceptive C-fiber nerves (transient receptor potential vanilloid 1, TRPV1-positive) express multiple ASIC subunits and that the ASIC expression profile differs between the nodose TRPV1-positive subtype developmentally derived from placodes and the jugular TRPV1-positive subtype derived from neural crest. We performed single cell RT-PCR on the vagal afferent neurons retrogradely labeled from the esophagus. In the guinea pig, nearly all (90%-95%) nodose and jugular esophageal TRPV1-positive neurons expressed ASICs, most often in a combination (65-75%). ASIC1, ASIC2, and ASIC3 were expressed in 65-75%, 55-70%, and 70%, respectively, of both nodose and jugular TRPV1-positive neurons. The ASIC1 splice variants ASIC1a and ASIC1b and the ASIC2 splice variant ASIC2b were similarly expressed in both nodose and jugular TRPV1-positive neurons. However, ASIC2a was found exclusively in the nodose neurons. In contrast to guinea pig, ASIC3 was almost absent from the mouse vagal esophageal TRPV1-positive neurons. However, ASIC3 was similarly expressed in the nonnociceptive TRPV1-negative (tension mechanoreceptors) neurons in both species. We conclude that the majority of esophageal vagal nociceptive neurons express multiple ASIC subunits. The placode-derived nodose neurons selectively express ASIC2a, known to substantially reduce acid sensitivity of ASIC heteromultimers. ASIC3 is expressed in the guinea pig but not in the mouse vagal esophageal TRPV1-positive neurons, indicating species differences in ASIC expression. vagus nerve; afferent; acid-sensing ion channels; esophagus ACID-SENSING ION CHANNELS (ASICs) are excitatory cation channels (9, 38, 43). Four ASIC genes encoding six subunits have been described (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4). The ASIC subunits associate to produce trimeric homomeric and heteromeric channels (37). The ASIC channels are often expressed in primary afferent nerves. The major roles of ASICs in these nerves are thought to be acid sensing (acid transduction) and mechanotransduction. In particular, the acid sensing by ASICs has been implicated in nociception (43).
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Most ASIC channels are directly gated by extracellular protons. Importantly, the properties of the response to acid, such as the acid sensitivity (threshold pH) and the acid response desensitization kinetics, depend on the ASIC subunit composition. For example, the heteromeric ASIC1a/ASIC2b channel is more sensitive to acid than either homomeric ASIC1a or ASIC2b channels (14) . Similarly, ASIC subunits contribute differently to mechanotransduction (5) . In visceral sensory nerves, the disruption of ASIC1 gene often increases mechanical responsiveness, the ASIC2 disruption has variable effect depending on the nerve type, and ASIC3 disruption often reduces mechanical responsiveness (31, 32) . Thus the published data conclusively demonstrate that the composition of ASIC subunits expressed in a sensory nerve determines the properties of ASIC-mediated acid transduction and mechanotransduction. Therefore, the knowledge of ASIC subunit expression profile in a particular nerve type is essential to effectively investigate the role of ASICs in that nerve type.
Although detection of acid and mechanical stimuli by sensory nerves is crucial for physiological regulation and nociception in the esophagus, the mechanisms underlying acid transduction and mechanotransduction in esophageal sensory nerves are still poorly understood (3, 31, 32) . ASICs have long been considered the major candidates for sensory transduction in the upper gut (5, 15) . However, the expression profile of ASIC receptors in the esophageal afferent nerve subtypes is unknown.
The esophagus receives extensive vagal afferent innervation (29, 30) . The vagal afferent neurons innervating the esophagus are located in the vagal jugular and nodose ganglia (11, 16, 20, 40, 42, 47) . Functional studies in the guinea pig demonstrated that both jugular and nodose neurons provide capsaicin-sensitive (transient receptor potential vanilloid, TRPV1-positive) putative nociceptive C-fibers to the esophagus (6, 21, 35, 46, 47) . Developmentally, the jugular neurons are derived from the neural crest (similarly to spinal dorsal root ganglia neurons, DRG), whereas the vagal nodose neurons are derived from epibranchial placodes (1) . Importantly, the neural crest-derived vagal jugular C-fibers and the placode-derived nodose C-fibers differ in sensory properties including transduction receptors, neurochemistry and neurotrophic regulation. The esophageal nonnociceptive low threshold tension mechanosensors that are capsaicin-insensitive (TRPV1-negative) A-fibers originate exclusively from the nodose ganglia.
We addressed the hypothesis that the esophageal nociceptive C-fiber subtypes express multiple ASIC subunits and that the expression profile of ASIC subunits differs between the subtypes developmentally derived from placodes (nodose) and neural crest (jugular). We found that most esophageal C-fiber neurons express a combination of ASICs and that the placodederived C-fiber neurons express ASIC2a subunit that is absent from their neural crest-derived counterparts.
MATERIALS AND METHODS
All experiments described in this study were approved by the Johns Hopkins Animal Use and Care Committee
Retrograde labeling. The retrograde labeling of the afferent neurons projecting into the guinea pig esophagus was described previously (35, 46, 47) . In a brief ketamine (50 mg/kg) and xylazine (5 mg/kg) anesthesia, the cervical esophagus was surgically exposed, and the retrograde tracer 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate (DiI) (0.1% in 10% DMSO in sterile saline) was injected into the esophageal wall at one to two sites up to the total volume 5-10 l. Following the injection, the esophageal surface was washed with a swab. The vagal nodose and vagal jugular ganglia were harvested 10 -15 days after esophageal DiI injections.
Single-cell RT-PCR. Studies for single-cell RT-PCR were performed on individual neurons as described previously (26, 35, 40) . The sensory ganglia were dissected and incubated in the enzyme buffer (2 mg/ml collagenase type 1A and 2 mg/ml dispase II in Ca 2ϩ -, Mg 2ϩ -free Hanks' balanced salt solution) for 3 ϫ 15 min at 37°C. Neurons were dissociated by trituration with three glass Pasteur pipettes of decreasing tip pore size between and after incubations, washed by centrifugation (three times at 1,000 g for 2 min), and suspended in L-15 medium containing 10% fetal bovine serum (L-15/FBS). The cell suspension was transferred onto poly-D-lysine/ laminin-coated coverslips. After the suspended neurons had adhered to the coverslips for 2 h, the neuron-attached coverslips were flooded with L-15/FBS and used within 8 h. Coverslips with dissociated neurons were perfused with PBS, and the DiI-labeled neurons identified under fluorescent microscope were individually harvested into a glass pipette (tip 50 -150 m) pulled with a micropipette puller (P-87, Sutter) by applying negative pressure. The pipette tip containing the cell was broken into a PCR tube containing RNAse Inhibitor (1 l, RNAseOUT, 2 U/L, Invitrogen), immediately frozen, and stored at Ϫ80°C. Only the neurons free of debris or attached cells were collected. From one coverslip, one to five cells were collected. A sample of the bath solution was collected from some coverslips for no-template experiments (bath control). For RT-PCR, first-strand cDNA was synthesized from single neurons by using the Super-Script III CellsDirect cDNA Synthesis System (Life Technologies) according to the manufacturer's recommendations. Samples were defrosted, lysed (10 min, 75°C), and treated with DNAse I. Then, poly(dT) and random hexamer primers (Roche Applied Bioscience) were added. The samples were reverse transcribed by adding SuperscriptIII RT for cDNA synthesis. Two microliters of each sample (cDNA, RNA control or bath control, respectively) were used for PCR amplification by the HotStar Taq Polymerase Kit (Qiagen) according to the manufacturer's recommendations in a final volume of 20 l. After an initial activation step at 95°C for 15 min, cDNAs were amplified with custom-synthesized primers (Life Technologies) by 50 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min followed by a final extension at 72°C for 10 min. Products were visualized in ethidium-bromide-stained 1.5% agarose gels with 50-bp or 100-bp DNA ladder. The figures were constructed by using Microsoft PowerPoint and Apple Preview. The portions of gels showing ASIC1 and ASIC2 products in individual neurons shown in Fig. 3 were cut from the gels shown in Fig. 2 . The same individual neurons in Fig. 2 and Fig. 3 are identically numbered.
Controls. The primers were designed by using Primer3 (http:// bioinfo.ut.ee/primer3-0.4.0/primer3/) (34) based on the predicted guinea pig sequences and verified by using the guinea pig genome (http://genome.ucsc.edu/) (19) and alignments with human, mouse, and rat ASIC sequences. Table 1 shows that all primers (except guinea pig ␤-actin) used in the study were intron spanning. Therefore, if a genomic product was amplified, it would be readily distinguished by a notably larger size (at least 100 bp larger). For most primers, no genomic product can be amplified because its predicted size Ͼ1,000 bp is not achievable with the extension time of 30 s used for PCR. Two types of negative control experiments were performed: the standard water controls and the bath controls in which a sample of the fluid superfusing the dissociated neurons during the neuron picking was collected (ϳ1 bath control per 6 labeled neurons). Of the 357 negative control experiments (163 water controls and 196 bath controls) performed for ASICs, TRPV1, and PGP9.5 in guinea pig, only two water controls were found falsely positive (one for PGP9.5 and one for ASIC1a; in both instances the results of the PCR runs containing false-positive controls were discarded, the reagents were replaced, and the runs were repeated). This gives an estimate of a negligible false-positive rate of 2/357 ϭ 0.6% similar to one we reported in our previous study 2/283 ϭ 0.7% (40) .
To minimize false-negative results of single-cell RT-PCR, we repeated the detection of a target if the result of the first detection was negative (only in a random small proportion of the neurons was there not enough sample to repeat the detection of all targets). The estimate of the probability of obtaining a false-negative result with repeated detection for ASIC1, ASIC2, and ASIC3 was calculated to be 2.1% (n ϭ 86), 4.9% (n ϭ 83), and 7.6% (n ϭ 68), respectively, in a TRPV1ϩ-positive guinea pig neuron. The probability of obtaining false-negative result for TRPV1 detection was calculated Ͻ1% (n ϭ 124). Because the proportions of the guinea pig esophageal neurons expressing these genes in each population were relatively high (Ͼ50%), the errors of this magnitude would not affect the interpretation of data. Several neurons that were positive for ASIC1 were negative for both ASIC1a and ASIC1b subunit (6/40, 15%, Fig. 4 ). In these instances, it was not possible to determine whether the PCR was false negative for ASIC1a and/or ASIC1b. Nonetheless, because the expression of ASIC1a and ASIC2a was 50 -85%, such an error would not affect the interpretation of data. Even smaller numbers (3/45, 7%) of ASIC2-positive neurons were negative for both ASIC2a and ASIC2b, and this discrepancy would not affect the interpretation of the results.
Mouse studies. The neurons retrogradely labeled from the mouse esophagus used for the analysis of ASIC3 expression were all obtained in our previous study (40) . For retrograde tracing, the cervical esophagus was surgically exposed in a brief anesthesia (50 mg/kg ketamine and 10 mg/kg xylazine ip), and the fluorescent tracer DiI (Life Sciences, dissolved in DMSO to 2% and subsequently diluted in saline to 0.05%) was injected into one or two sites in the esophagus in a total volume of 2-3 l using a bent spring needle connected to a Hamilton syringe. After 12-18 days, the animals were killed by CO 2 asphyxiation and exsanguination, and the vagal jugular and nodose ganglia were harvested. The rest of the protocol was identical to that described for guinea pig studies above, except 3 l of each sample (cDNA, RNA control, or bath control, respectively) were used for PCR amplification.
RESULTS

ASIC expression in vagal TRPV1-positive afferent neurons innervating the esophagus.
The esophagus is innervated by the vagal afferent neurons in the nodose and jugular ganglia. Electrophysiological analysis revealed that the nodose ganglion projects capsaicin-sensitive C-fibers that have sensory properties consistent with nociceptive function and capsaicininsensitive A␦ fibers that are nonnociceptive tension mechanoreceptors (21, 44 -47) . The jugular ganglion projects capsaicin-sensitive C-fibers and capsaicin-sensitive A␦ fibers that have sensory properties consistent with nociceptive function. Thus, in both nodose and jugular ganglia, the esophageal neurons that have sensory properties consistent with nociceptive function are demarcated by the expression of TRPV1 (TRPV-positive neurons). The neurons projecting tension mechanosensors are the nodose TRPV1-negative esophageal neurons. In this study, we evaluated vagal neurons retrogradely labeled from the esophagus in 14 guinea pigs.
We initially focused on ASIC1, ASIC2, and ASIC3 genes. The ASIC1 gene produces two major subunits (splice variants), ASIC1a and ASIC1b. We first evaluated the expression of ASIC1 by using a common ASIC1 primer pair designed to detect expression of both ASIC1a and ASIC1b subunits (Fig. 1) . Similarly, for the ASIC2 gene that also produces two splice variants (ASIC2a and ASIC2b), we first used the common ASIC2 primer pair designed to detect both ASIC2 splice variants (Fig. 1) .
Jugular TRPV1-positive esophageal neurons. We evaluated the expression of ASICs in 31 jugular TRPV1-positive neurons. We found that nearly all esophageal jugular TRPV1- positive neurons expressed ASICs (Fig. 2) . The majority (70%) of these neurons expressed a combination of at least two ASIC genes. The most frequent combination was the coexpression of all three ASIC1, ASIC2, and ASIC3 genes found in ϳ40% of jugular TRPV1-positive neurons (Fig. 2) . Each of the possible dual combinations (i.e., ASIC1/2, ASIC2/3, and ASIC 2/3) were found in the neurons expressing only two ASICs with no particular preference for any of the dual combinations (Fig. 2) .
We next investigated the expression of the ASIC1 splice variants ASIC1a and ASIC1b and the expression of ASIC2 splice variants ASIC2a and ASIC2b by using the splice variant-specific primers (Fig. 1) . The expression of ASIC1 and ASIC2 splice variants was evaluated in the neurons that were positive for the common ASIC1 and ASIC2 primers, respectively. The ASIC1a and ASIC1b subunits were expressed in the majority of ASIC1-positive neurons (Fig. 3A, Table 3 ). The majority of ASIC1-positive neurons expressed both ASIC1 splice variants with 82% expressing ASIC1a and 70% expressing ASIC1b. With respect to ASIC2 expression, we found that approximately half of jugular C-fiber neurons expressed ASIC2 (Fig. 2, Table 2 ). Only ASIC2b subunit was detected in these neurons (Fig. 3B, Table 3 ). None of the esophagealspecific jugular C-fiber neurons expressed the ASIC2a subunit.
Nodose TRPV1-positive esophageal neurons. We evaluated ASIC expression in 31 esophageal nodose TRPV1-positive neurons. A striking difference between nodose and jugular TRPV1-positive neurons was found in ASIC2 splice variant expression (Fig. 3B) . In contrast to jugular TRPV1-positive neurons, of the nodose TRPV1-positive neurons that expressed ASIC2, 77% expressed ASIC2a. Thus the ASIC2a subunit expression in TRPV1-positive C-fiber neurons is limited to those neurons in the nodose ganglion. Other than this distinction, the ASIC expression was similar between the nodose and jugular TRPV1-positive neurons (Figs. 2 and 3, Tables 2 and 3) in that the majority (77%) of these neurons expressed a combination of at least two ASIC genes, most frequently (35%) the combination of all three ASIC genes.
An ASIC4 gene has also been described in addition to ASIC1, ASIC2, and ASIC3 although the function of this gene has not be definitely determined. We found that ASIC4 was expressed in 33% (11/33) and 34% (10/29) of nodose and jugular TRPV1-positive esophageal neurons, respectively.
ASIC expression in vagal esophageal tension mechanoreceptors. Our functional analysis has revealed that capsaicin-insensitive nodose fibers are uniformly A␦ fibers with functional characteristics of tension mechanoreceptors (21, 44 -47) . These neurons can therefore be identified in our gene expression analysis as nodose TRPV1-negative neurons retrogradely labeled from the esophagus.
As with the nodose and jugular esophageal TRPV1-positive neurons, the esophageal tension mechanoreceptor TRPV1-negative neurons extensively express ASIC1, ASIC2, and ASIC3 mRNA (Fig. 4) . A majority (69%) (27/39) of the esophageal nodose TRPV1-negative neurons expressed at least one ASIC gene. This proportion was slightly smaller than the proportion of nodose TRPV1-positive neurons expressing ASICs (95%, P Ͻ 0.05, Fisher exact test). Among 39 TRPV1-negative neurons evaluated, 56% (22/39), 44% (17/39), and 62% (24/39) expressed ASIC1, ASIC2, and ASIC3, respectively. Thus ASIC1 and ASIC3 were similarly expressed as in TRPV1-positive neurons, but ASIC2 was somehow less frequently expressed in TRPV1-negative neurons (compared with 71% in nodose TRPV1-positive neurons). Similarly to the TRPV1-positive neurons, most of the ASIC-expressing TRPV1-negative neurons expressed multiple ASICs (15 neurons expressed all three ASICs, 6 neurons expressed a combination of two ASICs, and 6 neurons expressed only one ASIC gene). ASIC4 was detected in a proportion (30%, 9/30) of TRPV1- negative nodose mechanosensor neurons that was similar to that in TRPV1-positive neurons.
With respect to the splice variants, ASIC1a and ASIC1b were expressed in most ASIC1-expressing neurons. Likewise both ASIC2a and ASIC2b were expressed in most ASIC2-expressing neurons (Fig. 4) . This shows that ASIC2a expression is limited only to vagal afferent neurons with cell bodies in the nodose (placodal) ganglia, irrespective of their functional phenotype (nociceptive C-fibers or A␦ nonnociceptive tension mechanoreceptors).
ASIC expression in TRPV1-positive neurons innervating the mouse esophagus. Because of its high sensitivity to acid and an abundant expression in the esophageal TRPV1-positive neurons (Fig. 2, Table 2 ), we considered ASIC3 a prime candidate for acid transduction in the esophageal nociceptive C-fibers. Before embarking on electrophysiological analysis of esophageal afferent nerve responsiveness in wild-type vs. ASIC3Ϫ/Ϫ mice, we evaluated the extent of ASIC3 gene expression in mouse esophageal neurons.
We have previously demonstrated that, in a manner analogous to the guinea pig, the esophagus in the mouse is innervated by two types of vagal TRPV1-positive putative nociceptive subtypes: the vagal placode-derived (nodose-type) and neural crest-derived (jugular-type) TRPV1-positive neurons (40) . We have shown that the vagal placode-derived (nodosetype) and vagal neural crest-derived (jugular-type) esophageal TRPV1-positive neurons are reliably distinguished by the expression of the marker P2X 2 that is selectively expressed in the vagal placode-derived TRPV1-positive neurons. Surprisingly, Fig. 2 (numbered identically as in Fig. 2) . B: expression of ASIC2a and ASIC2b subunits. The expression of ASIC2 subunits was evaluated in the ASIC2-positive neurons shown in Fig. 2 (numbered identically as in Fig. 2 ). Negative bath control (Ϫ) and positive control from the total RNA from the whole ganglia (ϩ) are also shown.
we found that ASIC3 was virtually absent from esophageal vagal nociceptive subtypes in the mouse, (Fig. 5, A and B) . This sharply contrasts with the abundant expression of ASIC3 (70%) in the guinea pig esophageal TRPV1-positive neurons (Table 4 , see also Fig. 2 for ASIC3 expression in guinea pig neurons).
That lack of ASIC3 expression in mouse nociceptors was not due to an inability to detect ASIC3 expression in this species. We found that ASIC3 was readily detected in the mouse vagal esophageal P2X 2 ϩ/TRPV1-negative neurons that are putative cell bodies of tension mechanosensors (Fig. 5C) . The proportion of mouse tension mechanosensors expressing ASIC3 was 43% (12/28), similar to the finding in the guinea pig in which 62% (24/39) of vagal nodose TRPV1-negative neurons expressed ASIC3 (Fig. 4A) . Moreover, ASIC3 was also readily detected in 50% (10/20) of the random nonlabeled mouse DRG TRPV1-positive neurons (not shown). The detection of ASIC3 in the mouse was highly reproducible (Fig. 5D) . We found the detection of ASIC3 reproducible in 109 of 114 mouse sensory neurons tested twice for ASIC3, showing 96% reproducibility. Finally, the PCR product obtained from single neurons (n ϭ 4) was sequenced and found identical to the product expected from the mouse ASIC3 sequence. Taken together these control results indicate that the absence of ASIC3 in the mouse esophageal TRPV1-positive nociceptive neurons is not due to inadequate ASIC3 detection.
DISCUSSION
We found that nearly all vagal nociceptive C-fiber neurons innervating the guinea pig esophagus express ASIC mRNA. This widespread expression makes ASICs formidable candi- Fig. 4 . Expression of the ASIC genes in the nonnociceptive esophageal tension mechanosensors. The esophageal tension mechanosensor neurons were identified in the nodose ganglion by retrograde tracing from the esophagus and the lack of TRPV1 expression. A: expression of ASIC1, ASIC2, and ASIC3 genes. The neuronal marker PGP9.5 was included as additional control in this TRPV1-negative neuronal population. B and C: expression of ASIC1 and ASIC2 splice variants. The expression of ASIC1a/1b and ASIC2a/2b was evaluated in the ASIC1-positive and ASIC2-positive neurons, respectively. These neurons are shown in A and numbered identically; additional neurons (35) (36) (37) (38) (39) (40) are also included. Negative bath control (Ϫ) and positive control from the total RNA from the whole ganglia (ϩ) are also shown. Fig. 5 . TRPV1-positive neurons innervating the mouse esophagus do not express ASIC3. The expression of ASIC3 in the vagal nodose (A) and vagal jugular (B) TRPV1-positive neurons retrogradely labeled from the mouse esophagus. In the mouse vagal jugular/nodose ganglion, the placode-derived (nodose-type) and the neural crest-derived (jugular-type) TRPV1-positive neurons were identified by the presence and absence of P2X2 expression, respectively (28, 40) . C: in control experiments, ASIC3 was reliably detected in the mouse vagal esophageal P2X2ϩ/TRPV1-negative neurons that are putative cell bodies of esophageal tension mechanosensors. D: expression of ASIC3 in the mouse neurons was highly reproducible. Negative bath control (Ϫ) and positive control from the total RNA from the whole ganglia (ϩ) are also shown.
dates for important roles in esophageal nociception. We also found that the majority of vagal esophageal nociceptors expressed a combination of ASIC genes. This complexity needs to be considered when studying ASIC function because ASIC subunits associate into heteromultimers with distinct functional properties. We also found that the placode-derived (vagal nodose) and the neural crest-derived (vagal jugular) esophageal nociceptive neurons differ in the ASIC expression profile that predicts different acid sensitivity. Finally, we noted a dramatic species difference in ASIC3 expression in esophageal vagal nociceptors between the guinea pig and mouse. Our results provide essential information for the study of the role of ASICs in esophageal nociception.
ASICs have been implicated in transduction of acid and mechanotransduction in sensory (especially visceral) nerves. It has been recognized since the pioneering ASIC studies that the acid sensitivity and the kinetics of the acid-induced currents (e.g., desensitization, ratio of sustained to transient component) are profoundly influenced by the subunit composition of ASIC channels (9, 38, 43) . Studies in expression systems revealed that many dual or triple combinations of ASIC subunits result in relatively unique ASIC current fingerprints. For example, the presence of ASIC3 subunit confers a pronounced sustained component to acid-induced currents, and the presence of ASIC2a subunit substantially reduces the acid sensitivity (discussed below). That the properties of multimeric ASICs differ so much from individual subunits has been attributed to complex proton-dependent activation and desensitization through distinct structural components (37) . The notion that multiple ASIC genes contribute to the response to acid in primary sensory neurons has been confirmed by using knockout mice (2) . More recent studies directly demonstrated that, in a certain type of sensory neurons (those innervating the skeletal muscle), all three ASIC genes need to be knocked out to eliminate the responses to acid (12) .
The vagal low-threshold esophageal mechanosensitive neurons (tension receptors) also extensively expressed ASIC1, ASIC2, and ASIC3 mRNA. The mechanotransduction properties of ASICs also depend on the subunit composition (5, 31, 32) . For example ASIC2 knockout reduced mechanical responsiveness in gastroesophageal tension mechanosensors but enhanced mechanical responsiveness in gastroesophageal mucosal afferent nerves and colonic serosal afferent nerves (32) . These data demonstrate that the role of the ASIC2 gene in mechanotransduction is context dependent. In the absence of the knowledge of the ASIC subunit expression in these nerves, one can only speculate that this may be attributable to expression of different ASIC2 subunits (ASIC2a vs. ASIC2b) or context of other ASIC subunits (ASIC1a, ASIC1b, and/or ASIC3) or perhaps other factors. Contrasting effects of ASIC disruption on mechanosensitivity were also observed in the somatosensory system, where ASIC3 reduced the responsiveness of A␦ mechanoreceptors, whereas rapidly adapting mechanoreceptors showed increased mechanosensitivity (33) . The ASIC knockout studies also showed that multiple ASICs are involved in the mechanical transduction in the same nerve. For example, the mechanosensitivity of colonic serosal afferent nerves was enhanced in both ASIC1a and ASIC2 knockout and reduced by ASIC3 knockout (32) .
ASIC channels may also modulate the mechanical response in nociceptive C-fibers, but these fibers also respond with action potential discharge directly to acid (22) . We found a major distinction between the placode-derived (nodose) and the neural crest-derived (jugular) nociceptive (TRPV1-positive) neurons in the expression of ASIC2a. The ASIC2a subunit was exclusively expressed in the placode-derived nodose neurons. This provides additional evidence supporting the conclusion that the placode-and neural crest-derived esophageal nociceptors are two distinct nerve types differing by activation profile, neurotrophic regulation, peripheral and central terminations, and probably by the consequence of their activation (6, 21, 23, 35, 40, 42, 46, 47) . The ASIC2a expression was also noted in nodose A␦ tension receptor neurons. Therefore, the selective expression of ASIC2a is based on the origin of the cell body (nodose vs. jugular ganglion, i.e., placodes vs. neural crest) and not based on functional phenotype. A similar expression pattern has been noted with the purinergic P2X 2 receptor (40) .
Among the ASIC subunits, ASIC2a has the highest threshold for activation by acid. In fact, the acid sensitivity of ASIC2a is outside of what is considered physiological (pH 50 Ͻ 4.9). Furthermore, the presence of ASIC2a subunit reduces the sensitivity to acid in heteromultimeric channels (12, 14) . For example, the presence of ASIC2a subunit would reduce the acid sensitivity of ASIC1b ϳ10-fold from pH 50 ϭ 6.1 to pH 50 ϭ 4.9 in ASIC1b/ASIC2a heteromultimer. Similarly, ASIC2a would reduce the acid sensitivity of ASIC1b/ASIC3 heteromultimer ϳ10-fold from pH 50 ϭ 6.0 to pH 50 ϭ 4.9 in ASIC1b/ASIC2a/ASIC3 heteromultimer (14) . Thus the ASIC2a selective expression in esophageal nodose C-fiber neurons leads to the prediction that these nerves are less sensitive to acid via ASIC mechanisms than their neural crest-derived jugular counterparts that are ASIC2a negative. Interestingly, a recent study reported that jugular esophageal C-fibers are more sensitive to acid than nodose C-fibers (48) . The acid at pH Ϸ 6 was effective to stimulate jugular C-fibers but not nodose C-fibers (48) although the nodose C-fibers are activated by a stronger acid (pH Ϸ 5) (22) . Also consistent with this notion, an elegant study in rat neurons labeled from the stomach found that the ASIC-like currents in vagal nodose neurons were notably 10 -30 times less sensitive to acid than those in DRG neurons that are neural crest derived similarly to jugular neurons (pH 50 ϭ 5.1 vs. pH 50 ϭ 6.4 -6.7) (39) .
Another potentially important characteristic of ASIC2a channels is that they can be greatly sensitized to acid. A recent study found that an exogenous peptide MitTx increased the acid sensitivity of ASIC2a over 100-fold (4). Although endogenous modulators of ASIC2a have not been identified yet, it can be speculated that ASIC2a mediates the sensitization of ASIC2a-containing channels in conditions such as inflammation. Incidentally, a recent study noted a dramatic increase in acid sensitivity in nodose C-fiber following activation of inflammatory cells (49) .
We found a dramatic difference in ASIC3 expression in esophageal nociceptors between the guinea pig and mouse. We initially evaluated ASIC3 because ASIC3 has high acid sensitivity, integrates multiple inflammatory stimuli, and has been heavily implicated in visceral sensory transduction (3, 10, 17, 18, 32) . Whereas Ͼ70% of the guinea pig nodose and jugular esophageal TRPV1-positive neurons expressed ASIC3, this subunit was almost absent in mouse esophageal TRPV1-positive vagal neurons (Fig. 5, Table 4 ). This was not due to an ineffective detection of ASIC3 in the mouse (false negative). In control experiments (Fig. 5, C and D) , ASIC3 was readily detected in other neuronal populations (tension mechanosensors and unlabeled DRG neurons), the ASIC3 detection was reproducible, and the ASIC3 product was verified by sequencing. That ASIC3 was expressed in mouse esophageal vagal P2X 2 -positive/TRPV1-negative neurons (putative cell bodies of tension mechanosensors) is consistent with the study showing that ASIC3 knockout reduced mechanical responsiveness in this type of nerves (32) .
Studies in visceral cardiac neurons in which ASIC3 plays a predominant role have also noted substantial differences between the mouse and rat (13, 41) . ASIC currents in the mouse were ϳ10-fold less sensitive to acid and had 5-fold smaller magnitude, and the proportion of acid-responsive neurons was 50% smaller compared with the rat. Another study noted that only 10% of mouse capsaicin-sensitive DRG neurons displayed acid-induced (pH ϭ 6) ASIC currents, compared with 75% of those neurons in rat (25) . In addition, the amplitude of ASIC currents in mouse was fivefold smaller. It appears that the greater function of ASICs in rat sensory neurons is similar to the situation in the guinea pig. Studies of rat stomach vagal afferent neurons reveal expression of ASIC3 similar to what we report here in the guinea pig esophagus. ASIC3 immunoreactivity was detected in 75% of rat nodose neurons (most of which were TRPV1 immunoreactive) and in Ͼ70% of DRG neurons innervating the stomach (36) . Thus published data (13, 36, 41) and our data show that there are substantial differences in certain aspects of ASIC expression between the species. Therefore, caution is necessary when transposing information on ASIC expression and function to other species.
The conclusions of our study are based on the detection of ASICs by single-cell RT-PCR. This technique provides a distinct advantage for addressing the hypotheses in this study. Single-cell RT-PCR allows for detection of a relatively higher number of targets in individual neurons (up to 20) and therefore allows us to simultaneously evaluate the expression of all ASIC subunits and phenotypic markers in the same neuron. Secondly, because of the nature of PCR technique and a careful design of the primers (Fig. 1, Table 1 ), PCR has relatively high selectivity for differentiation of the targets, including those with relatively high sequence homology, such as ASIC splice variants. Nevertheless, it must be kept in mind that these results detect only mRNA, which may not necessarily reflect functional protein expression. Previous studies, including the studies from our laboratory, however, have shown that the singlecell RT-PCR results correlate well with the functional response for a number of receptors and ion channels MrgA 3 (26) , the adenosine A 1 and A 2A receptors (7, 35) , proteinase-activated receptor 1 (24) , and ion channels TRPV1, TRPA1, P2X 2 , and P2X 3 (6, 23, 27) or with immunohistochemical detection of protein, e.g., glial cell-derived neurotrophic factor family receptor-␣3 (GFR␣ 3 ) (28) . Furthermore, the restriction of ASIC2a to nodose neurons also indicates meaningful target detection. In our previous studies, by using single-cell RT-PCR, we also observed segregation of markers between placode-derived (that selectively expressed P2X 2 and tyrosine kinase B) and neural crest-derived (that selectively expressed tyrosine kinase A, preprotachykinin-A, and GFR␣ 3 ) TRPV1-positive neurons innervating the mouse esophagus (40) . Thus, although appropriate caution is required, the single-cell RT-PCR results correlated well with the protein expression or function.
Molecular mechanisms of sensory mechanotransduction and acid transduction are only incompletely understood in mammals. This has been attributed to the complex and redundant nature of these transduction mechanisms. In addition to ASICs, a number of channels and receptors from various families (e.g., TRP, epithelial Na channel, purinergic P2X, PIEZO two-pore domain potassium channels, proton-sensitive G protein-coupled receptors, and others) have been shown to contribute to mechanotransduction and acid sensing (5, 8, 15) . The knowledge of an ASIC expression profile in esophageal sensory nerves should provide a useful foundation for those interested in acid sensing and mechanotransduction in esophageal nerves. It may guide experiments aimed at identifying and validating novel drug targets at visceral nerves for treatment of pain and disorders associated with neural dysregulation of visceral organs.
